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ABSTRACT 
Cubic Zn1-xMgxO (c-Zn1-xMgxO) thin films have opened the deep ultraviolet (DUV) 
spectrum to exploration by oxide optoelectronic devices.  These extraordinary films are 
readily wet-etch-able, have inversion symmetric lattices, and are made of common and safe 
constituents.  They also host a number of new exciting experimental and theoretical 
challenges.  Here, the relation between growth conditions of the c-Zn1-xMgxO film and 
performance of fabricated ultraviolet (UV) sensors is investigated.   
Plasma-Enhanced Molecular Beam Epitaxy was used to grow Zn1-xMgxO thin films 
and formation conditions were explored by varying the growth temperature, Mg source flux, 
oxygen flow rate, and radio-frequency (RF) power coupled into the plasma.  Material review 
includes the effect of changing conditions on the film’s optical transmission, surface 
morphology, growth rate, crystalline phase, and stoichiometric composition.  Oxygen plasma 
composition was investigated by spectroscopic analysis under varying oxygen flow rate and 
applied RF power and is correlated to device performance.  Ni/Mg/Au interdigitated metal-
semiconductor-metal detectors were formed to explore spectral responsivity and UV-Visible 
rejection ratio (RR).   
Zn1-xMgxO films ranged in Mg composition from x = 0.45 - 1.0.  Generally, x 
increased with increasing substrate temperature and Mg source flux, and decreased with 
increasing oxygen flow rate and RF power.  Increasing x was correlated with decreased peak 
responsivity intensity and increased RR.  Device performance was improved by increasing 
the ratio of O to O+ atoms and minimizing O2
+ in the plasma.  Peak responsivity as high as 
500 A/W was observed in visible-blind phase-segregated Zn1-xMgxO devices, while cubic 
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phase solar-blind devices demonstrated peak responsivity as high as 12.6 mA/W, and RR of 
three orders of magnitude.  Optimal conditions are predicted for the formation of DUV Zn1-
xMgxO sensors. 
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The music makers 
And to the dreamers of dreams 
Wandering by lone sea breakers 
And sitting by desolate streams; 
World-losers and world-forsakers 
On whom the pale moon gleams: 
Yet they are the movers and shakers 
Of the world forever, it seems. 
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INTRODUCTION 
Wide band gap semiconductor photonics is not new.  SiC was first exploited for light 
emission in 1951[3].  Since then, research has endeavored to expand our application of these 
fascinating materials through understanding of their underlying physics and material 
properties.   
Deep Ultraviolet / Solar Blind 
Optically-responsive ultraviolet (UV) materials allow us to produce and detect UV 
light from the near UV (NUV) region around 400nm down below the vacuum UV (VUV) 
cutoff at 200nm [4].  This spectral section contains the solar blind region of the UV range, a 
very low noise window in the near-Earth atmosphere created by a gap in absorption between 
the ozone layer at 300nm and atmospheric oxygen at 200nm [5-7].  This range prevents most 
extraterrestrial UV from entering the Earth’s atmosphere, but allows for intra-atmospheric 
transmission.  This absorption is shown in terms of ozone density in the air column as 
Dobson Units (DU) in Figure 1.  UV-A ranges from 400nm to 315nm, UV-B extends to 
280nm, and UV-C continues beyond to extreme UV ending at 10nm. 
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Figure 1: Extraterrestrial UV absorption in the ozone layer[8], inspired by [9]. 
Accessing the solar blind range is the goal of much optoelectronic device research.  
Solar blind emitters could transmit long distances in this low-noise region of the atmosphere, 
as well as serve the medical community.  The production of sterilizing germicidal UV is a 
particular goal as nucleic bases in DNA peak absorption (i.e. destruction) is at 254nm[10].  
Solar blind detectors would identify combustion sources as flame sensors and gas furnace 
combustion monitors.  These detectors could even be used to identify muzzle flashes from 
small arms, and track missile plumes even when passing in front of the sun, a challenging 
feat for non-solar-blind sensors.   
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Wide Band Gap Semiconductors 
Wide band gap semiconductors are particularly well-suited for the type of operation 
described above.  Varying elemental composition allows for tuning of the optical absorption 
edge, enabling engineering of the semiconductor bandgap.  The absorption edge allows for 
the detection only of incident energy wider than the band gap; enabling measurements with 
high rejection ratios and reducing the need for external optical filters.  Wide band gap 
semiconductors also have intrinsic radiation hardness, extending their working life beyond 
those of filtered narrow-band devices.   
III-N 
Group III-Ns have enjoyed much of this interest, and provided such breakthrough 
technologies as high brightness “white” LEDs and BLU-RAY® device technologies through 
GaN and AlGaN alloys.  These material systems have enabled fantastic advances in the 
application of semiconductor science to the photonics community, advancing 
semiconductor manufacturing technologies and fundamental materials science along the 
way.  III-N materials are relatively available commercially, and generally non-toxic.  They can 
be grown well by conventional semiconductor growth techniques such as MBE and 
MOCVD, and are n- and p-type dopable [11-14].   
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Figure 2: Wurtzite crystal structure [15]. 
They possess the inversion-asymmetric wurtzite crystal structure, shown in Figure 2, 
and can be grown in a large range of geometries from films and columns, to wires and dots 
[16-18].  However, alloying large amounts of Al into the GaN lattice to blue-shift the 
absorption into the solar blind has proved challenging due to material constraints and defect 
formation, as well as low Al surface mobility [19-21] .  Maintaining active dopant 
concentration and device conductivity is correspondingly reduced [22].  Additionally, the 
inversion-asymmetric wurtzite structure exhibits both internal spontaneous and piezoelectric 
polarization.  This can lead to charge isolation in narrow quantum wells similar to the 
Quantum Confined Stark Effect as in Figure 3 [23, 24].  This spacial separation in overlap of 
the electron and hole wave functions results in reduced recombination efficiency and thereby 
reduced emission from quantum-confined optoelectronic devices. 
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Figure 3: Band asymmetry in wurtzite quantum wells, inspired by [23]. 
Oxides 
Here we present an alternative.  While III-N semiconductors possess wurtzite crystal 
structures, a few key wide band gap oxides have simple cubic rocksalt structures.  This 
material system allows for isotropic charge transfer through the lattice, reducing the 
likelihood of carrier separation in quantum-confined structures.  Common wide band gap 
oxides include BeO, Al2O3, MgO, NiO, CoO, VnO2, TiO2, ITO, and ZnO with bandgaps 
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ranging from over 10eV as in BeO [25] to near 3.55eV for NiO [26].  These bandgaps may 
also be expandable into the visible range through alloys formed with CuO (1.4eV) [27].  In 
addition to the large range of potential material families, oxide research also benefits from 
the large commercial availability of most materials.  Conveniently, oxide thin films also avoid 
the threat of internal oxidation passivation of produced epilayers.  Oxides are also readily 
wet-etch-able, requiring less complex processing for fabrication of advanced device 
architectures [28]. 
ZnMgO 
The material of interest reported here, Zn1-xMgxO, maintains a simple cubic structure 
from near x = 0.6 to x = 1, and can access a theoretical bandgap range from ~5eV for 
Zn0.6Mg0.4O to 7.8eV for pure MgO [29].  This can be seen clearly in Figure 4.  This ternary 
compound can be considered an amalgamation of the binaries MgO and ZnO, bringing with 
it properties from both.   
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Figure 4: Formation of the ternary ZnMgO [29]. 
MgO, with a band gap of 7.8eV, is traditionally considered an insulator, with a band 
gap arising from O 2p and 3s states [26, 30, 31].  The material is refractory, allowing for 
stable substrate conditions well above the heating capability of most semiconductor device 
growth equipment.  The MgO crystal structure is simple cubic with a lattice spacing of 4.21, 
enjoying the advantages referred to previously.  MgO single crystal substrates are 
commercially available and provide relatively low-cost templates upon which to growth 
ternary films.  However, the material’s typical classification as an insulator has resulted in 
limited information about conductivity and the potential for extrinsic doping. 
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ZnO continues to experience a boom in experimentation interest [29], producing a 
large body of research on material growth and device fabrication.  This began decades ago 
when ZnO was hoped to act as a suitable lattice-matching buffer for GaN growth on 
sapphire during the development of III-N LEDs [32].  It was quickly realized that ZnO’s 
large excitonic binding energy (60meV) gave it potential in its own right for high temperature 
operation and the maintenance of bound pairs for excitonic emission [33].  These excitons 
have resulted in esoteric ZnO lasing structures such as random powder lasers and nanowire 
lasers [34, 35].  ZnO forms naturally in a wurtzite crystal structure, like III-N 
semiconductors, with a lattice spacing of 3.25Å in the a-direction and 5.20Å in the c-
direction[36].  ZnO is readily n-type doped through the use of Al, Ga, and In, with different 
dopants favored for different types of material growth [37, 38].  However, the achievement 
of reliable p-type doping has thus far eluded ZnO researchers.  There are a number of 
competing theories for this case [39-41], but the result is the same.  ZnO exploitation is 
limited until it can achieve the bipolar doping needed for complex emitter architectures.  
However, in the absence of p-type doping, heterostructure emitters grown with p-GaN and 
advancement of ZnO detectors in the near ultraviolet show great promise [13, 42-44]. 
ZnMgO takes properties from both of these materials.  The single most important 
characteristic of cubic Zn1-xMgxO is the existence of a crystalline miscibility gap from about x 
= 0.4 to x = 0.6 [45].  Below this range, epilayers films form Zn-rich wurtzite ZnMgO, and 
above this range the film forms Mg-rich cubic ZnMgO.  In this miscibility gap, both crystal 
structures compete for dominance, resulting in phase segregation and the production of 
binary phase films strongly influenced by substrate and growth conditions [29, 46].  This 
scenario is also present in polycrystalline samples near the miscibility gap, shown in Figure 5.   
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Figure 5: Phase segregation in ZnMgO polycrystalline films grown by sol-gel synthesis [47]. 
While this is quite interesting from a materials research perspective, detectors made 
on films with Zn-rich and Mg-rich regions (i.e phase segregated films) dramatically reduce 
their ability to distinguish between NUV and DUV light, producing poor UV-Visible 
rejection ratios (RR). 
Cubic ZnMgO doping has also proved challenging, perhaps because of the 
formation of compensating defects as extrinsic dopant concentration increases (this is 
known as the Amphoteric Defect Model [48]).  Early experimental investigation of Ga-
doping ZnMgO films has suggested the benefit of theoretical support and modeling of 
dopant incorporation and band gap evolution in the ternary.  
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INTRODUCTION TO THIN FILM GROWTH AND 
OPTOELECTRONIC DEVICE FABRICATION 
Few thin film deposition techniques produce the quality necessary for epitaxial 
heterostructures.   Molecular Beam Epitaxy (MBE) and Metal Organic Chemical Vapor 
Deposition (MOCVD) both use high purity chambers to form high quality thin films 
through atomic deposition.  Conventional MOCVD growth flows metal-organic vapors over 
a hot substrate and decomposes the chemical precursors to enable film growth [49].  
Conventional MBE operates thermal elemental metal or molecular source evaporators or gas 
injectors under ultra-high vacuum, reducing chamber impurities and chamber pressure into 
the mid 10-11 Torr range before growth in the mid 10-6 Torr range [50, 51].  Lesser-used 
techniques for device-quality epilayer growth include ALD and PLD [52, 53]. 
Epi-layer Growth and Microstructure Evolution 
Thin film epitaxy requires consideration of many material properties, including 
epilayers and substrate surface energy, lattice spacing, and the mobility and decomposition 
dynamics of adatoms [54].  These material characteristics must all be balanced to form a 
closely lattice matched film to the growth substrate.  There are three common growth 
regimes in epitaxy: layer-by-layer (LBL) or Frank-van der Merwe growth, the 2D-3D 
transitioning Stranski-Krastanow growth, and fully three dimensional island growth or 
Volmer-Weber growth [54].  These three growth modes are shown in Figure 6 [55]. 
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Figure 6: Growth modes for heteroepitaxial growth [55]. 
 LBL growth is an ideal scenario for epitaxial thin films.  Here adatoms fully complete 
each atomic monolayer before nucleating the layer above.  This growth regime can reduce 
defect formation and enable atomically smooth films with single atomic steps heights.  
Achieving LBL growth requires a well-developed understanding and control of substrate 
pre-treatment, substrate temperature, source temperature and flux, source purity, chamber 
pressure, and film stoichiometry, orientation, and growth rate.  In LBL growth adatoms land 
upon growing terraces and have mobility great enough to reach the edge of the terrace 
growing above, allowing for the formation of steps upon the bottom extending layers.  This 
type of growth can be encouraged by slightly miscut substrates, providing wide terraces for 
adatoms to land upon and explore; promoting LBL microstructure evolution. 
 Stranski-Krastanow growth is a transition type growth from 2D to 3D islanding.  
This growth mode begins when the surface energy of the substrate in vacuum is greater than 
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the combined surface energy of the epilayer in vacuum and epilayer on substrate.  After the 
first epi-monolayer is deposited, the substrate in vacuum energy then relaxes and preferred 
growth is 3D, leading to islands upon relatively smooth layers.  This relaxation in energy can 
arise from lattice-mismatch-induced strain, particularly in the case of the phase segregated 
ZnMgO ternary when grown in films thicker than the critical thickness, in the rare case of 
ZnO on MgO, or for compositions within the miscibility gap.  The third case here is more 
complex as it is also affected by competition between the structures of crystallites in the 
growing film. 
 Three dimensional island growth is quite common in epitaxial experimentation and 
results from nucleation on incomplete monolayers.  This can happen for a number of 
reasons including high source fluxes, poor substrate adhesion leading to evaporative 
roughening, low adatom mobility (affected by substrate temperature and adatom-substrate 
valency/dissolution), and substrate pretreatment/surface chemistry.  As incoming atoms 
encounter incomplete monolayers they move about upon the underlying terrace jostling 
from one position to another until they settle in their lowest energy states.  In island growth 
this often results in settling for local minima rather than lowest possible states across the 
film.  As the upper adatom moves across the terrace it encounters the terrace edge, where 
bonding potential from the underlying network produces an asymmetry pulling the adatom 
away from the edge.  This is called the Ehrlich Barrier, and was identified by Gert Ehrlich in 
1966[56].  The Ehrlich barrier exists for all atomic steps regardless of growth mode.  As the 
adatom loses energy on the terrace other adatoms crowd it from above and beside and it 
eventually finds an acceptable compromise between an ideal position and the lowest energy 
from crowding by neighbors.  In this way the island grows up faster than it grows out and 
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produces “wedding cake” architecture on the surface that can lead to single crystal 
roughening.  This is seen clearly in a Pt on Pt growth in Figure 7 where the Ehrlich barrier 
leads to kinetic roughening of the film.  
 
Figure 7: “Wedding cake” formation of single crystal roughening[57].    
Homoepitaxial Considerations 
LBL growth is not always as challenging in homoepitaxial growth at the Pt on Pt 
case in Figure 7 suggests.  Homoepitaxial layers can fully wet the substrate if the surface 
energy of the substrate and the surface energy of the epilayer are the same and the Ehrlich 
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barrier is not too high.  Full wetting enables LBL growth and forms epilayers that are well-
matched to the substrate and contain a low concentration of mismatched defects.   
 However, homoepitaxial growth can still be greatly affected by substrate temperature 
and source flux.  In the case of MgO homoepitaxy by Plasma Enhanced MBE (PE-MBE), 
rough films can be grown quickly with high Mg source temperature or very smooth films can 
be growth with low Mg temperature and high oxygen power perhaps due to oxygen etching 
of small nucleated islands on the surface.  This is shown for example in Figure 8.  The RMS 
roughness of the left image is 22.6 nm; RMS roughness on the right is 7.39 nm.  This oxygen 
plasma overpressure promotes very smooth film growth but results in a low net growth rate. 
 Homoepitaxial films are also lattice matched and do not require low temperature 
buffers except when terminating substrate surface defects from impurities or dangling bonds 
and halting their propagation into the epilayers structure above.  When investigating ternary 
growth, homoepitaxial growth is optimized first to understand growth dynamics and process 
constraints. 
15 
 
 
Figure 8: MgO at stoichiometric point (left) and under O-rich conditions (right) fabricated 
by the author.   
Heteroepitaxial Considerations 
Heteroepitaxial growth is more complex.  Here every system and material parameter 
becomes a variable or knob to tune.  Surface energies between substrate and film must be 
considered, as well as formation energy and enthalpy differences between the constituent 
atoms.  In the case of ZnMgO, the enthalpy of formation, ΔH, for MgO is nearly twice that 
of ZnO [58, 59].  This leads to MgO bonding with a disproportionate amount of surface O 
from Zn atoms, and results in stoichiometric difference between film growth and arriving 
adatoms and chamber atmosphere.  In the case of ZnMgO there also exists the crystalline 
miscibility gap mentioned prior, which threatens to decompose the surface into Mg-rich and 
Zn-rich zones if substrate temperature and adatom mobility are not kept suitably balanced.  
However, raising substrate temperature can increase desorption of atoms from the surface, 
creating the effect of a dynamic surface flux.  Therefore, a high substrate temperature that is 
16 
 
unbalanced from with a source overpressure can result in some re-evaporation of source 
material from the growing film depending on conditions at the interface. 
 Lattice parameters must also be accounted for in heteroepitaxial growth and depend 
strongly on epilayer stoichiometry and substrate orientation.   Large differences in film and 
substrate lattice parameter can result in crystalline dislocations that can propagate many 
microns through the epilayers and act as intrinsic defects, trapping carriers and reducing 
radiative recombination, increasing dark current, reducing device sensitivity and speed, and 
rejection ratio.  Fortunately, lattice parameter mismatch can be addressed through low 
temperature buffers.  Low temperature buffers can act to isolate defects on the substrate 
surface caused from extrinsic impurities or adsorbed molecular contaminates or from 
intrinsic dangling bonds and crystalline defects.  This defect isolation limits their propagation 
during epilayer growth. 
Theory of Semiconductor Contacts 
Once acceptably thick, smooth, and oriented films are grown with the right 
stoichiometry, electrical contact fabrication is required to take advantage of the optical and 
electrical properties designed within.  Contacts are chosen based on the work function of the 
metal and the electron affinity and doping of the semiconductor.  Wide band gap 
semiconductors may have large electron affinities thanks to deep conduction band minima 
from vacuum; such is the case for ZnO [48]. In this case, the semiconductor may require 
metals with large work functions such as platinum and nickel to access their Fermi levels 
[60].  Alternatively, very wide band gap materials sometimes have small electron affinities, 
such as AlN  (near 2eV) and MgO, which may be less than 1eV [48, 61, 62].  The height of 
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their Schottky Barriers and the effect of interfacial states on pinning are also related to the 
difference in electronegativity of constituents [63].  MgO has an electronegativity difference 
of 2.13, and ZnO has an electronegativity difference of 1.79 [59, 64]. 
Deposition Specifics 
Contacts can either be back-etched by depositing metal across the entire surface and 
removing select parts or can be fabricated from the surface up [65].  Both steps require UV 
photolithographic or electron beam lithographic techniques to form deposition or liftoff 
masks, and may require further processing after deposition to adjust the electrical 
conductivity of the contact itself accurately for current injection into the semiconductor thin 
film. 
Alloying 
 One such form of post processing is contact alloying.  Contact alloys are chosen 
based on work function of their constituents, availability and cost of the metals needed, and 
conductivity through the resulting metal stack.  After metal deposition is complete, the 
contact is alloyed through rapid heating and cooling of the completed device using a rapid 
thermal processor.  Some contacts reach ideal alloying after only 30 seconds, but require 
temperatures above 600°C [66].  This processing step is important to consider before 
attempting device fabrication, as some semiconductor epilayers are not stable at elevated 
temperatures even for relatively short periods of time [67].  This is often the case in quantum 
well structures, where elevated temperatures can lead to well intermixing and subsequent 
blueshifting of emission [68].  Sophisticated design anticipates blueshifting when designing 
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quantum well stoichiometry, resulting in accurate intended emission after contact alloying is 
complete.  Alloyed GaAs contacts are shown for example in Figure 9. 
 
Figure 9: Composite example of alloyed NiGeAu contacts on GaAs showing a) unannealed, 
b) 410°C for 30s, c) 430°C for 30s, and 450°C for 30s fabricated by the author. 
Adhesion 
 Another important consideration for contact fabrication is metal adhesion on the 
semiconductor surface.  The perfect contact work function is meaningless if it will not stick 
well to the film.  Adhesion layers can be very thin (<2nm) [69], but are crucial ingredients in 
the contact recipe.  Figure 10 shows an example of failed contact adhesion. 
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Figure 10: Poor adhesion of a Ni/Au contact on ZnMgO fabricated by the author. 
Contact Properties 
Semiconductor contacts are often broken into two categories based on their 
conductive properties: Ohmic contacts and Schottky contacts.  These contacts affect the way 
that current is injected and withdrawn from the semiconductor thin film and enable the 
development and optimization of different types of devices sometimes with different types 
of device architectures. The use of different metals and different processing techniques for 
alloying or adhesion has considerable impact over the performance of the completed 
structure. 
Ohmic 
 Ohmic contacts are designed for low resistance direct current injection into the 
semiconductor [60].  The junction resistance should be low relative to the resistance of the 
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active region of the device and the most important attribute of ohmic contacts is their 
bipolar conductivity.  They are often used for photoconductors, contacts for light emitters, 
and low-speed applications where high bandwidth is not required due to their accumulation 
of excess charge. 
Schottky 
Schottky contacts conduct one type of charge carrier preferably when under bias, 
thanks to the Schottky barrier.   This Schottky barrier, which exists at every semiconductor-
metal interface, is produced by surface states on the semiconductor or by offsets between 
metal work function and the semiconductor Fermi level [70].  In Schottky contacts, this 
barrier is enhanced by choosing contact metals with work functions much different than the 
Fermi level of the semiconductor.  As the chemical potentials of the metal and the 
semiconductor align (i.e. their Fermi levels), this barrier to conductivity grows and prevents 
charge transfer of either electrons or holes.  Schottky contacts are designed differently 
depending on carrier type, as they will not have the same carrier injection properties for 
both.  This is because the band offset relationship will change as the chemical potentials of 
the metal and the semiconductor align because the Fermi level is different between n- and p-
type doped films of the same composition [60]. 
Charge accumulation here can also promote tunneling across the barrier, which can 
result in impact ionization and the generation of electrical gain.  This gain can then magnify a 
relatively weak responsivity signal in the film and greatly enhance the device sensitivity and 
rejection ratio [71, 72]. 
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Schottky contacts are preferred for high speed applications such as MSM 
photodiodes where bandwidth can easily reach GHz[60].  This is because they do not 
experience minority carrier injection, thereby eliminating excess charge storage. 
Device Characterization 
 Device performance is investigated electrically and optically after device fabrication.  
These results lead to better understanding of growth and fabrication concerns and provide 
the feedback loop necessary for continued improvement and fabrication optimization.  In 
this study, electrical investigation is performed through IV tests, while optical investigation is 
performed through responsivity measurements and determination of the UV/Vis rejection 
ratio. 
Dark Current / Light Current 
IV characterization explores completed devices under both dark conditions and light 
conditions (when illuminated with light of energy greater than the band gap).  Dark IV lends 
insight into defect behavior in the film.  As defects increase, the leakage current increases 
and the resistance of an un-illuminated sample decreases correspondingly.  Light IV 
measures the generated photocurrent under device illumination.  Higher current generated 
indicates improved device performance, indicating that the device can measure relatively dim 
sources with positive confirmation.  The difference between light and dark IV is seen in the 
related cubic wide band gap oxide NiO on MgO in Figure 11. 
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Figure 11: NiO photocurrent response under UV and visible illumination [29]. 
Responsivity 
 Responsivity is calculated by photocurrent current produced in the device divided by 
the amount of optical power coupled in.  This metric is the overriding determinant of a 
successful optical detector and combines excitation, transportation, and collection 
efficiencies.  When measured vs. incident wavelength, the responsivity curve identifies peak 
spectral sensitivity as well as the ability of the device to discern between signal and noise in 
terms of its UV/Vis rejection ratio.  This ratio is defined as Rλpeak/R400nm, with a higher 
number indicating that the device responds greater to incoming irradiation at the peak 
wavelength than at 400nm, the nominal end of the UV range.  Higher dark current during an 
23 
 
IV test will indicate potential poor UV/Vis rejection as the device will be relatively high-
noise and will not be able to measure dim sources unless the photocurrent is very large 
(perhaps accomplished by taking advantage of gain).  Responsivity investigation is seen in 
the NiMgO ternary in Figure 12 with UV/Vis rejection of over 200.  Photogenerated current 
from ZnMgO is shown in Figure 13 as a function of wavelength and exposure time. 
 
Figure 12: NiMgO responsivity for two growth conditions. [29] 
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Figure 13: Photogenerated current from 10µm ZnMgO DUV sensor at 50V by the author. 
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MGO HOMOEPITAXY, RESULTS AND ANALYSIS 
Investigation of ZnMgO devices requires a large amount of startup research 
involving material procurement and constituent binary investigation as well as competency 
with MBE growth and repair.  Exploration of every procedure is necessary in order to 
develop functional optoelectronic devices.  This requires strategic planning to accomplish 
project objectives as well as tactical decision making to maximize the impact of every datum 
produced.  Because of such slow growth rates and the utmost concern for contamination, 
each sample requires approximately 20 hours to load, degas, grow, and remove the film. 
MgO homoepitaxy must be well understood before Zn incorporation can begin in 
earnest.  This required investigation of MgO thin films produced on MgO substrates via 
Atomic Force Microscopy (AFM) to characterize surface morphology as well as investigation 
of growth rate by profilometry.  The MBE is fitted with a Laser Reflectometry system 
commonly employed to determine film growth rate in situ.  However, the technique works 
by reflection from the substrate surface and is used to interpret the film thickness based on 
the rate of constructive and destructive interferences inside the epilayer.  This only works on 
films which have different indices of refraction than the substrate (not possible in 
homoepitaxy unless the film has many impurities).   
Growth Rate 
 It is possible to determine the relative growth rate between different stoichiometric 
conditions of MgO growth by utilizing an alternative (non-native) substrate.  Sapphire 
substrates and GaAs substrates are commonly available in 2” epi-ready form and served 
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nicely as blanks upon which to grow MgO.  Figure 14 shows growth of MgO on a sapphire 
substrate at 500°C with 1.5sccm of oxygen flowing into the chamber through an RF plasma 
matching box operating at 13.5MHz and power of 400W.  The experiment begins at a Mg 
cell temperature of 400°C.  From this curve it is possible to see the increase in growth rate as 
the Mg cell temperature is increased up to 440°C.  The growth rate increases as the period of 
oscillation shrinks indicating an additional half-laser-wavelength thickness of material has 
been grown between successive minima or maxima.  
 
Figure 14: MgO growth rate oscillations on a sapphire substrate. 
  Figure 15 shows the corresponding system pressure as the Mg cell temperature 
increases.  The chamber pressure decreases with increasing Mg because Mg acts as a 
“getterer,” collecting O from the reactor atmosphere and reducing the overall pressure 
27 
 
measured on the ion gauge by forming compounds with lower vapor pressure [73].  This is 
common, and is repeated for Zn cell temperature behavior.  This functional mechanism 
behind the titanium sublimation pump also allows practical insight into the amount of 
remaining charge available in each source cell [74].  Gettering also hastens the system’s 
return to low base pressure after growth as well since each source acts as a small metal 
sublimation pump. 
 
Figure 15: Growth pressure with Mg gettering in the MBE reactor.  
 Figure 16 shows the derived growth rate condition at varying Mg cell temperatures.  
This data allows for the determination of the stoichiometric condition of the arriving 
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constituents.  With a stoichiometric understanding of the film growth we can determine not 
only potential sources of defects related to oxygen or cation vacancies/interstitials, we can 
also determine appropriate starting points for dopant incorporation.  For example, if doping 
with Ga atoms to replace Zn atoms in ZnO growth, understanding the stoichiometric 
evolution of the film leads to the correct parameters for growing in slightly zinc poor 
conditions.  Doping under the right stoichiometric conditions allows for increased ease of 
incorporation for the replacing Ga atoms. 
 
Figure 16: MgO stoichiometric conditions for 500°C growth on sapphire substrates. 
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 Figure 17 shows the same type of experiment on GaAs at a substrate temperature of 
300°C.  Here the oxygen parameters are the same, and the film displays a noticeable increase 
in the growth rate.  This increase in growth rate is likely due to reduced desorption of source 
material from the surface.  In the sapphire substrate case, the substrate was hotter than the 
source (indicating a lack of cation overpressure), increasing the likelihood of re-evaporation 
from the substrate during growth.  The MgO film grown on the GaAs substrate in Figure 17 
forms over twice as quickly at Mg = 440°C as the same conditions on the sapphire substrate 
(Figure 14).  This information may be misleading for translation to homoepitaxy because the 
film is growing faster on the non-lattice matched substrate since it experiences island-type 
polycrystalline growth that it would not in the single crystal case.   
 
Figure 17: MgO growth rate oscillations on GaAs substrate. 
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Figure 18: MgO stoichiometric conditions for 300°C growth on GaAs substrates. 
 Figure 18 shows the stoichiometric evolution for MgO growth on 300°C GaAs 
substrates.  While the sapphire substrate grown at 500°C shows an elbow in the graph at a 
Mg cell temperature around 420°C, the GaAs substrate grown at 300°C doesn’t show an 
elbow until 440°C.  This elbow is the stoichiometric point of the film for each growth 
condition.  In the sapphire case of Figure 16, with Mg cell temperature below 420°C, adding 
more Mg increases the growth rate.  However, with Mg cell temperature above 420°C, 
adding Mg doesn’t impact the growth rate nearly as much.  This suggests that the growth 
environment below 420°C is Mg-limited or Oxygen-rich and that the environment above 
420°C is O-limited, or Mg-rich.  This is very important to know for future device growth 
(and especially for doping), as it suggests energies of formation for different types of native 
defects such as metal vacancies in the O-rich case or oxygen vacancies in the Metal-rich case 
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(as described previously).  The delayed stoichiometric point in the GaAs substrate growth at 
300°C seems to suggest that the metal-limited Oxygen-rich condition persists longer at lower 
substrate temperature.  This could be due to increase incorporation of oxygen or reduced 
etching, or it may originate from the difference in substrate energy and lattice parameter.  
This is counter to behavior observed in ZnO growth, where increasing substrate 
temperature moves the stoichiometric point to higher metal flux [75]. 
 After gathering the information above, MgO homoepitaxy began on single crystal 
100 MgO substrates.  These substrates were backside coated with 1μm of Ti to enhance 
their thermal absorption from the substrate heater.  Figure 19 shows a 10μm AFM image of 
a film grown at 500°C with 1.5sccm O at 400W.  The total thickness of the film suggests a 
growth rate of approximately 235nm/hr, less than the measured 317nm/hr from the 
sapphire substrate calibration, Figure 14.  This may be due to slower incorporation into the 
single-crystal lattice as well as reduced defects and reduced roughening.  The AFM image of 
the film shows highly cubic features, with an RMS roughness of 11nm. 
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Figure 19: MgO homoepitaxy at stoichiometric condition, roughness is 11nm. 
 A later series of growths showed how roughness and growth rate evolved as Mg 
temperature was decreased.  During a ZnMgO growth campaign, the Zn cell became 
oxidized and blocked such that no more than 1.5% of the film composition was zinc.  In 
that case, the Mg cell and O source contributed to produce nearly pure MgO films.   
33 
 
 
Figure 20: MgO growth rate and roughness evolution in O-rich films. 
 Figure 20 shows both the growth rate and surface roughness evolution for those 
films.  The increase in growth rate is expected as cell flux increases, but the increase in 
surface roughness is more intriguing.  Figure 21 shows an AFM image from a film grown for 
nearly 14 hours with much reduced Mg cell flux from a cell at 330°C (growth temperature of 
500°C with oxygen flow 1.5sccm and RF power 400W).  In this case the film grew at only 
20nm/hr but has a roughness of 2.83nm; a third that of films grown closer to the 
stoichiometric condition with the same thickness.  At first blush this appears to be because 
the films are thinner, but the measured film grown for 14 hours is the same thickness as the 
34 
 
near stoichiometric films grown for a third the time.  This suggests that the smoother films 
shown in Figure 20 are smoothing not just because the film is thinner, but in fact because 
the surface evolution is smoother.   
 
Figure 21: MgO under very O-rich conditions, RMS roughness here is 5.28nm. 
 This smoothing of films grown under oxygen-rich conditions may be due to oxygen 
plasma etching of the surface as the film forms.  This etching would remove small islands as 
they nucleate on incomplete monolayers, allowing only those atoms which fall into 
completing monolayers to remain, thanks to their well-coordinated bonding. 
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Ga Surfactant Behavior 
Another interesting observation during MgO homoepitaxy was the surfactant-type 
behavior of Ga adatoms on the substrate surface during growth.  While the surfactant 
behavior wasn’t perfect (some Ga was incorporated into the film), the presence of Ga did 
serve to increase the growth rate considerably while reducing surface roughness compared to 
the non-gallium case.    
Results 
Figure 22 shows this increase in growth rate as a function of Ga cell temperature.  
All films were grown at 300°C with 2.5sccm O2 flow at 400W RF power.  
 
Figure 22: Ga surfactant behavior in MgO Homoepitaxy. 
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 RBS investigation of film composition showed that some Ga was in fact 
incorporated into the film lattice, though at a greatly reduced rate compared to Mg and O 
(3% Ga with cell temperature of 650°C).  Unfortunately, investigation of the Ga-enhanced 
MgO band gap is not possible without VUV spectroscopy, as the MgO band edge is at 
7.8eV, or 168nm (below the 200nm oxygen absorption described earlier).  
 Surface roughness also generally decreased for MgO films grown with high Ga cell 
temperature.  Figure 23 shows AFM scans of two MgO films grown under nearly identical 
conditions one after the other.  Gallium flux was present in the smoother film reactor 
atmosphere from a cell operating at 600°C. 
 
Figure 23: Ga smoothing of MgO growth.  No gallium (left) resulted in RMS roughness of 
2.50nm, Ga cell temperature at 600°C (right) reduced RMS roughness to 0.235 nm. 
Explanation of Theory and Behavior 
Ga surfactant growth of MgO homoepitaxy has never been reported, and the origin 
of this specific surfactant behavior is unclear.   Surfactants can smooth surfaces by reducing 
37 
 
the Ehrlich barrier or by increasing surface mobility, thus allowing adatoms to complete 
monolayers rather than generating new monolayer nucleation on incomplete terraces [76].  
There is evidence of self-surfactant-type growth of GaN by nitrogen diffusion through Ga 
on the epi interface with excess Ga [77].  It is also possible that surfactants may allow for 
adatoms to dissolve through the surfactant outer layer and reduce dangling bond energies 
that reduce mobility, leading to the concept of a two-mobility system (one above the 
surfactant surface and one embedded in it) [78].  This may lead to exchange between 
surfactant atoms and the underlying epilayer creating a constantly changing incorporation 
dynamic across the surface of the growing film.  Any of these explanations seem possible for 
Ga-enhanced MgO; theoretical investigation is necessary to determine which has the greatest 
impact. 
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ANALYSIS OF OXYGEN PLASMA SOURCE 
 The complex dynamics of plasma physics inside the MBE plasma injection source 
were briefly explored in an effort to explain film evolution with changing source conditions.  
Relevant parameters were expected to correlate with etching of the epilayer resulting in net 
growth rate with increasing source flux, incorporation of defects with changing plasma 
composition impacting responsivity and IV characteristics, and evolution of surface 
morphology and its influence on contact adhesion and device liftoff. 
Experimental Methods 
The ZnMgO films were grown in an SVT Associates oxide MBE reactor on 1cm 
square (100) MgO substrates purchased from MTI Crystal.  Praxair Ultra High Purity 
(99.9999%) oxygen was injected through a mass flow controller at a flow rate of 0.5sccm to 
2.5 sccm in 0.5 sccm steps into the SVT 4.5ALO plasma source.  An RF generator operating 
at 13.56MHz was coupled to the source and supplied powers at 50W increments between 
150W and 500W.  The ignited plasma was stabilized for 60 min before Optical Emission 
Spectroscopy (OES) was collected by an Ocean Optics Jaz fiber-coupled spectrometer.  
Each subsequent spectrum was collected after 10 minute stabilization at new operating 
conditions.  Films were grown at substrate temperature of 275°C, with fixed Mg and Zn cell 
temperatures (345°C and 360°C respectively) for a total of 4 hours of growth per film.  The 
Zn crucible operated with an aperture to reduce source oxidation, while the Mg crucible was 
operated without an aperture.  The plasma source was operated without the use of deflection 
plates (electrostatic ion traps) resulting in all species in the plasma impinging on the surface 
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under growth. All substrates were outgassed in a separate ultra-high vacuum chamber for 4 
hours at 750°C.  The growth chamber base pressure was below 1E-9 Torr and growth 
pressure ranged from 1E-8 Torr at 0.5 sccm flow rate to 1E-5 at 2.5 sccm. 
 ZnMgO thin films were investigated with a number of characterization tools.  A 
Vecco Dimension 3100 Atomic Force Microscope (AFM) measured surface morphology 
while standard contact profilometry measured film thickness and allowed for determination 
of the film growth rate.  A Rigaku D-max X-Ray Diffractometer (XRD) searched for phase 
segregation in the produced films, while a Cary 500 UV-Vis Spectrophotometer investigated 
absorption edge with changing oxygen flow rate and applied RF power. 
 Spectral peaks were identified from the NIST[79].  Three active species were 
detected in the oxygen plasma: neutrally charged atomic oxygen (O I), singly ionized atomic 
oxygen (O II), and singly ionized molecular oxygen (O2
+, the dioxygenl ion).  Excited neutral 
atomic oxygen (O I) was measured from changes in the 6453Å line, excited singly-ionized 
atomic oxygen (O II) was identified by the 4367Å line, and changes in excited ionized 
molecular oxygen (O2
+) were identified by the vibronic transition at 5248Å.  The simple 
assumption that changes in emission intensity related directly to changes in plasma 
composition was applied to correlate the relative concentrations of these active species.  This 
allowed for the determination of relative maxima and minima in the ratio of neutral atomic 
to ionized atomic oxygen and neutral atomic to ionized molecular oxygen by identifying 
maxima in the ratio of their emission intensities. 
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Analysis of Oxygen Spectra 
 
Figure 24: Emission spectra of oxygen plasma under extremes of flow and power 
Figure 24 shows a typical spectrum collected from optical emission along the axis of 
the plasma source.  The spectrum contains many transitions, but describes only the three 
active species.  The O I spectrum is strongest at the 777 nm and 844 nm unresolved triplets, 
representing transitions from 3p5P-3s5S and 3p3P-3s3S lines respectively.  O II emission is 
brightest from the 436nm peak representing combined emission from transitions between 
3p4P-3s4P and 3d2D-3p2D.  O2
+ emission is evident as broad peaks between 500-650nm 
representing the first negative O2
+ system [80].  The spectrometer used did not resolve the 
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fine structure spin components of these separate transitions, resulting in their appearance as 
a single emission line.  Due to the saturation of the O I spectrum at 777nm and 844nm, the 
unresolved 615nm triplet for O I corresponding to a 4d5D-3p5P was chosen to represent 
changes in O I concentration instead. 
Increasing the power and flow rate through the plasma source increased the intensity 
of the emission lines.  At high flow, a broad increase in intensity was observed between 450 
nm and 900 nm resulting from Bremsstrahlung radiation emission.  This general brightening 
at high flow covered the emission of a number of spectral lines.  At low flow and low power 
the number of spectral lines was dramatically reduced, resulting in higher relative intensity of 
broad molecular emission peaks than atomic lines as seen in Figure 24. 
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Figure 25: a) The emission intensity ratio of neutral (O I) to ionized (O II) atomic oxygen.  
b) Emission intensity ratio of O I to ionized molecular oxygen (O2
+) 
 The change in intensity was compared between O I, O II, and O2
+ to determine 
relative changes in concentration of active species in the plasma.  Figure 25 shows the ratios 
O I/O II and O I/O2
+ as functions of flow rate and RF power.  It is interesting to note that 
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the graph shows two maxima to optimize the difference between the neutral atoms and the 
more reactive ion; at 1.5 sccm and 350W, and at around 2.5 sccm 350W.  The first maximum 
at 1.5sccm may be preferred due to the reduced likelihood of source oxidation at high 
oxygen flux. 
 
Figure 26: a) Normalized emission intensities of O I, and b) of O2
+. 
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 To investigate whether this is caused by increasing atomic concentration or 
decreasing molecular concentration, Figure 25b has been decoupled and is shown in Figure 
26.  Figure 26a is the normalized absolute intensity of O I measured by OES, while Figure 
26b is the normalized absolute intensity of O2
+.  Figure 26a confirms that as power and 
oxygen flow rate increase the atomic concentration of the plasma increases monotonically.    
However, contrary to the case of molecular emission of nitrogen in GaN growth, where 
emission intensity increases with power and flow [81], here the molecular emission intensity 
decreases with increasing power and flow.  Figure 26b shows a peak concentration of 
ionized oxygen molecules at 0.5 sccm and 250W applied RF power.  If the molecules were 
formed from ions and neutrals then the difference can be explained by the difference in 
dissociation energies (6.66 eV for O2
+, 9.76 eV for N2).   If the molecular ions were formed 
by ionization the behavior is explained by a lower ionization potential for O2 (12.08 eV) than 
N2 (15.58 eV).  
Effect on MgO Homoepitaxy 
 Two series of MgO thin films on MgO substrates followed the investigation of the 
oxygen plasma source.  Figure 27 represents their measured growth rates and root-mean 
square surface roughnesses.  Figure 27a includes characteristics of MgO thin films grown 
with varying oxygen flow rates at 400W of applied RF power.  Figure 27b shows 
characteristics of films produced with different RF plasma powers at a flow rate of 1.5 sccm.  
In both cases, growth rate increases slightly with increasing flow rate and power, while 
surface roughnesses decreases. 
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Figure 27: a) The effect of oxygen flow rate on MgO film growth rate and roughness, and b) 
the effect of RF plasma power on MgO film growth rate and roughness. 
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To determine the reasons for the effects seen in Figure 27, we must consider the 
effect of changes in Figure 25 and Figure 26.  In Figure 27a we see that increasing flow rate 
results in increasing growth rate.  This effect indicates that the growth atmosphere is oxygen 
limited (i.e. metal rich) for the ternary growth at this substrate temperature.  Typically, these 
films grow at an increasing rate as more oxygen atoms flow into the chamber until the 
growth becomes limited by the cation concentration in the growth atmosphere.  For the 
films presented, the growth rate seems to always increase with oxygen flow, suggesting a 
persistent oxygen-limited atmosphere.  It may also be possible that active species in the 
plasma are producing volatile reactants on the substrate surface, indicating that the growth 
rate as measured may in fact be a net growth rate accounting for ion etching of loosely-
bound adatoms.  This is equivalent to oxygen plasma etching of the film, and could 
potentially be investigated by an optical absorption setup characterizing the growth 
atmosphere at the substrate surface. 
 We also see in Figure 27a that the MgO thin film roughnesses decreases even as 
thickness increases, indicating that higher oxygen source flux produces smoother films.  This 
is akin to results in homoepitaxial ZnO where oxygen rich growth conditions are preferred 
over the stoichiometric atmosphere [82].  This is also similar to results of RF magnetron 
sputtering where increasing oxygen presence during growth resulted in narrow FWHM [83].  
Interestingly, the majority of improvement in the surface roughness occurs with a flow rate 
up to 1.5 sccm, after which the concentration (inferred from the emission) of O2
+ has 
decreased from its maximum as seen in Figure 26b.  It appears from Figure 27a that a high 
molecular oxygen concentration (O2
+) is detrimental to the quality of the MgO films 
produced, as both film roughness and growth rate improve with higher atomic oxygen 
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content and reduced molecular oxygen content.  This trend clearly follows the neutral 
atomic/molecular emission intensity ratio seen in Figure 25b rather than following the trend 
of the ratio of atomic species in Figure 25a. 
 Figure 27b follows a similar trend of increasing growth rate and decreasing 
roughness as the RF power increases.  This is may be caused by a simple case of oxygen 
limited growth as in Figure 27a because the concentration of atomic oxygen increases even 
as the oxygen flow rate is constant.  This increase is seen by the impact of increasing power 
in Figure 25b, which shows reduced molecular content and increasing atomic content, 
effectively raising the amount of available oxygen in the chamber.  A reduction in roughness 
was correlated with increasing oxygen plasma power in ZnO growth as reported by [84].  
Sakurai also noted that with flow of 0.5sccm at power of 50W almost no film was observed, 
only the formation of “sparse and small island growth.”  As evident in Figure 26a, atomic 
oxygen concentration is quite low at 150W, and is expected to also be low at 50W applied 
RF power.  These results support the claim that molecular oxygen does not contribute to 
film growth. It is possible, as shown in Figure 27, that a high molecular oxygen 
concentration may in fact inhibit the epitaxial growth of MgO thin films produced under 
weakly-atomic growth conditions.  Alternatively, Sakurai reported on the reduction of 
roughness of ZnO thin films with increasing plasma power while operating the plasma 
source with deflection plates.  This suggests that the improvement gained by higher power is 
unrelated to ionized molecular oxygen (which would be diverted from the substrate) but 
rather may simply be limited by not enough neutral atoms impinging on the surface during 
growth (i.e. a stoichiometric deficiency rather than reactive surface chemistry).   
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Conclusions 
Increased flow rate and power were found to result in increased growth rate and 
reduced roughness.  The OI/O2
+ ratio increased monotonically with both flow and power, 
but the O I/O II ratio was found to exhibit a peak at 1.5sccm and 350W RF applied power.  
This suggests that for smooth ZnMgO films the main damaging reactive species is O2
+ not 
O II, and that it is more important to minimize O2
+ than to maximize the difference 
between O I and O II.  Additionally, a higher concentration of O2
+ is beneficial for films 
with more textured surfaces. 
These results show that smooth MgO films with relatively high growth rate may be 
produced at the high end of the oxygen flow (2.5 sccm) and RF power (500W) investigated.  
However, as hardware and cation source oxidation is a constant threat, these results indicate 
that the best condition to grow is at 500W, 1.5sccm, where decreased oxygen flow will 
reduce reactor oxidation and maximize growth campaign duration.  
Further investigation with additional in situ equipment may enable more direct 
connections between O I, O II, and O2
+ concentrations and their effect on epilayer growth 
and microstructure evolution.  One possible technique to understand these physics more 
deeply is to operate the oxygen source with deflection plates and a quadrupole mass 
spectrometer to select active species with a set mass/charge ratio.  In this scenario O I, O II, 
and O2
+ could be individually selected and directed at the substrate during growth to 
determine the empirical impact of oxidation with these three different species. 
  
49 
 
ZNMGO RESULTS AND ANALYSIS 
 The main contribution of this work explores DUV sensors based in c-ZnMgO.  This 
chapter presents results and analysis of changing formation conditions on the c-ZnMgO thin 
film.  The effect of these changes is discussed for fabricated optoelectronic devices. 
Device Fabrication 
 All devices presented were fabricated in cleanroom conditions and involved the use 
of many standard semiconductor manufacturing techniques.   
Photolithography and Liftoff 
 Standard UV photolithography was used to produce a surface mask for contact 
metalization.  Futurrex NR71-1000P negative photoresist was spun onto the epilayer at 5000 
RPM for 60 seconds.  The resist was baked for 2 minutes at 150°C and allowed to cool 
before exposure by a Karl Suss MJB3 UV Mask Aligner.  The lamp projected a quartz mask 
with various sized devices formed in chrome for 3.5 seconds at 12.0 W/cm2.  The film was 
post-exposure baked at 100°C for 2.5 minutes and allowed to cool before developing the 
exposed resist layer in pure Futurrex RD6 for 5 seconds.  Here it was determined that a slow 
stirring rate (0.5 – 1 Hz) was critical to through removal while maintaining mask adhesion. 
 After metalization samples were soaked in pure Futurrex resist remover RR41 for a 
8-10 hours at room temperature.  Removal of the resist layer was accomplished by 
immersing the film in an ultrasonic bath.  Here, the film was held with tweezers in a beaker 
of pure RR41 without touching any beaker sides.  The beaker was subsequently held 
suspended in the water bath without touching the sonicator walls.  The effectiveness of this 
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process decreased with increasing surface roughness with total sonicated time ranging from a 
few seconds to a few minutes.  However, metal adhesion was also very strong in films with 
high roughness, greatly reducing the likelihood of over-sonicating and lifting off devices. 
Contact Metal Investigation 
Experimental methods 
A single cubic ZnMgO thin film with bandgap at 6eV was produced by Plasma-
Enhanced Molecular Beam Epitaxy (PE-MBE) on a 1in square (100) MgO substrate which 
was backside coated with 1µm of Ti for thermal conductivity during growth.  Optical 
transmission for the film was measured by a Cary 500 UV-Vis Spectrophotometer. The film 
was quartered and a 10µm interdigitated metal-semiconductor-metal (MSM) mask was 
formed by standard UV photolithography. 
 Three different metals where chosen by their work functions to investigate the 
electron affinity of the c-ZnMgO film.  Ni was chosen as a high work function metal (Φ - 
5.01eV), Ti was chosen as a moderate work function metal (Φ – 4.33eV), and Mg was 
chosen as a relatively low work function metal (Φ - 3.68eV).  Two of the quarters were used 
to investigate Ni/Au and Ti/Au contacts.  These contacts (20nm/20nm) were deposited in a 
large chamber Temescal FC-2000 electron beam evaporator before depositing an additional 
130nm Au in a smaller BOC Edwards 306 (FL400) thermal evaporator.  Mg/Au contacts 
(20/150nm) were deposited on the third quarter in the thermal evaporator.  The fourth 
quarter was halved and Ti/Mg/Au and Ni/Mg/Au contacts were formed on each eighth.   
 A Newport 74125 monochrometer diffracted UV light from a Xe lamp operated at 
500W through a sapphire collecting lens onto the MSM surface.  Light and Dark IV curves 
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were investigated for unannealed devices as well as devices annealed at 300°C, 400°C, and 
500°C for 60 seconds.  Each increase in annealing temperature was accomplished by 
annealing the previous film at higher temperature. The Ni/Au contact was annealed further 
at 600°C.  Contact resistance was investigated as well as the ohmic/schottky behavior of the 
final architecture. 
 
Figure 28: Comparison of Ti/Au, Ni/Au, and Mg/Au contact resistance.  
Results 
 Comparing contact resistance for Ti/Au, Ni/Au, and Mg/Au is shown in Figure 28.  
The same device was tested after each annealing temperature and shows the relationship 
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between light and dark IV characteristics under each condition.  Figure 28 indicates that the 
lowest contact resistance is from unannealed Mg/Au.  This may be because the Mg work 
function is close to the electron affinity of the c-ZnMgO film.  The electron affinity, χ, of 
MgO is half that of ZnO, about 1.63eV [kim et al 2001] and 5.22eV respectively (calculated 
from the conduction band offset [Y. F. Li et al 2008]).  It was expected that the c-ZnMgO 
film would behave more similarly to cubic MgO than the wurtzite ZnO properties.   
 
Figure 29: Investigation of contact for Ohmic or Schottky behavior. 
 Figure 29 shows the IV curves for each of the best samples from the three tested 
binary contact architectures.  Mg/Au clearly demonstrates the lowest contact resistance, but 
all contacts appear to be Ohmic.  However, while Mg/Au did provide the lowest contact 
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resistance, Mg adhesion on the c-ZnMgO film was found to be very poor, with the majority 
of fabricated devices lifting off during fabrication.   
 
Figure 30: Comparison of Ti/Mg/Au and Ni/Mg/Au contact behavior. 
 To remedy this, an adhesion layer was investigated with Ti and Ni.  Due to an error 
in processing, the two contact architectures were slightly different.  Ti/Mg/Au was formed 
as 12nm/50nm/80nm, while the Ni/Mg/Au contact was 3nm/20nm/80nm.  The fabricated 
devices were investigated before and after annealing at 400°C to identify optimal contact 
formation conditions.  Figure 30 shows the IV response of the two films annealed and 
unannealed.  Ti/Mg/Au indicates slight Schottky behavior before annealing, which is absent 
afterwards.  Ni/Mg/Au appears to be Ohmic in both the annealed and unannealed 
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scenarios.  Ni adhesion was found to be much stronger than that of Ti, with greater device 
yield and sharper features.  This may be due to the quality of the Ti deposition being 
damaged by depositing at high speed in the error mentioned previously.  In both cases, 
annealing increased the contact resistance. 
Conclusions 
Ni/Mg/Au contacts were chosen as the ultimate device architecture.  This was due 
to their Ohmic conductivity, improved metal adhesion, and easily repeatable deposition 
process.  All devices presented in this work where made in the same chamber conditions 
with the same metallic sources.  The contact architecture for all devices was Ni/Mg/Au, 
3nm/20nm/80nm. 
Effect of Varying Substrate Temperature and Source Flux  
 Changing the substrate temperature affects epilayer thermodynamics and kinematics 
during growth.  This parameter is investigated along with changing cation source flux arrival 
ratios to investigate the effect on film growth and device performance. 
Nucleation and Growth 
Figure 31 shows the evolution of surface roughness and film concentration for the 
ZnMgO films grown with different substrate temperatures and fixed Zn, Mg, and O 
conditions.  The data suggest that someplace between 475°C and 500°C for this particular 
chamber condition the miscibility gap opens and the film roughness degrades.  This is 
identified by XRD characterization.  Figure 32 is a sample XRD curve showing peaks for 
both the MgO substrate and film at 42.9 degrees and ZnO phase separation near 34.4 and 
55 
 
36.3 degrees, here in a film grown at 450°C.  The ZnMgO film grown at 475°C shows phase 
separation at the ZnO lines, but the peak intensity is 5000 times weaker than that of the 
MgO peak from the film/substrate.  
 
Figure 31: Substrate temperature effect on surface roughness and film composition. 
 
Figure 32: ZnO peak separation from Zn0.35Mg0.65O film grown at 450°C in XRD. 
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Figure 33 shows the AFM image of the film grown at 400°C.  We see no cubic 
features in the peaks present, supporting the conclusion that the film has in fact segregated 
and roughened as mismatched crystallites are formed one above the other.  The 
Zn0.40Mg0.60O film grown at 450°C looks similar to Figure 33, but shows faint cubic structure 
between the non-structured peaks.  The film at 475°C shows clear cubic features, despite 
faint evidence of phase segregation in the XRD.  This important observation suggests that 
even though cubic features may dominate the AFM image of films expected to be single 
crystal, slight phase separation is still possible as evidence from XRD. 
 
Figure 33: Non-structured surface roughness suggesting phase segregation in Zn0.56Mg0.44O 
film grown at 400°C. 
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Data reported elsewhere [29] suggests phase separation should not exist at x = 0.78 
as shown in Figure 31.  XRD identification of ZnO peaks may be unique to this (anomalous) 
film and growth condition.  It is likely that the substrate temperature phase separation point 
for these Zn, Mg, and O conditions is slightly above 475°C. 
Phase Segregation 
 Figure 34 shows surface roughness and film concentration for ZnMgO films grown 
with different Mg flux conditions at 450°C substrate temperature.  It should be noted that 
the film reported here from Mg cell temperature of 350°C is the same films reported above 
in Figure 31.  As Mg cell temperature increases, phase separation remains in the film even 
above x = 0.76.  Again, this condition differs from previous investigations [29, 45].  No ZnO 
peaks are visible in XRD investigation of the ZnMgO film grown with 370°C Mg cell 
temperature, suggesting that for this substrate, Zn, and O condition, phase separation occurs 
below Mg cell temperature of 370°C. 
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Figure 34: Mg cell temperature effect on surface roughness and composition. 
 Important to note here is the similarity in surface roughness between the last two 
films in this series (Figure 34) and the film in Figure 31 grown at 475°C.  Evidently, AFM 
characterization alone is not enough to determine phase separation, and films produced with 
similar roughness to these reported should be investigated by XRD for structural 
identification. 
Device Performance 
Cubic ZnMgO films were grown by Plasma-Enhanced Molecular Beam Epitaxy on 
MgO substrates.  Interdigitatal Metal-Semiconductor-Metal contacts were fabricated with 
Ni/Mg/Au to investigate the effect of growth temperature and source flux ratio on UV 
sensor properties.  Device peak responsivity was found to decrease with increasing Mg 
content, while UV-visible rejection ratio correspondingly increased.  Peak responsivities 
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ranged from 240-260nm, spanning from 10mA/W in the single crystal, high Mg case to 
~500A/W for phase segregated films.  UV-Visible Rejection Ratios increased with 
increasing Mg content to three orders of magnitude.  Solar blind detectors were realized with 
single-crystal ZnMgO, while effective visible blind detectors were made with phase-
segregated ZnMgO films. 
Experimental Methods 
An SVT Associates oxide MBE reactor under ultra-high vacuum (<10-10 Torr) 
housed standard Knudsen cells with 6N Zn and 3N8 Mg provided by Alfa Aesar.  In this 
report, the 40cc Zn crucible was operated with a circular aperture (~0.1 inches) to reduce 
source oxidation and the 40cc Mg crucible was operated without an aperture.  Ultra high 
purity (6N) oxygen was injected into the growth chamber through an inductively-coupled 
radio-frequency (RF) plasma generator operating at 13.56MHz and directed with the metal 
flux onto a 1cm2 (100) MgO substrate supplied by MTI Inc.  Four substrate temperatures 
were investigated (400°C, 450°C, 475°C, and 500°C) with identical Knudsen cell fluxes (Zn 
at 360°C and Mg at 350°C), fixed oxygen flow rate (1.5sccm), and fixed applied plasma 
power (400W).  Six films were also produced with different cation flux ratios at low fixed 
substrate temperature (LT, 275°C) to investigate the shift in peak responsivity with changing 
film composition.  This resulted in pure ZnO on MgO, Homoepitaxial MgO, and four films 
between with Mg cell temperature of 325°C, 340°C, 350°C, and 360°C with a fixed Zn cell 
temperature of 360°C. 
Deposited films were investigated by X-Ray Diffraction (XRD) for phase segregation 
by a Rigaku D-Max X-Ray Diffractometer as well as by a Vecco Dimension 3100 Atomic 
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Force Microscope (AFM) for the evolution of surface roughness.  Rutherford Back 
Scattering (RBS) determined film composition as a function of substrate temperature, while 
a Cary 500 UV-Vis-IR spectrophotometer investigated film transmission.  Average hourly 
growth rate was calculated by standard contact profilometry. 
Interdigitatal MSM contacts were formed with a BOC-Edwards 306 (FL400) thermal 
evaporator using a Mg/Au contact with 200Å/800Å thickness deposited upon a 30Å Ni 
adhesion layer without annealing.  The Ohmic Mg/Au contact was chosen to match the low 
work-function of Mg with the low electron affinity of MgO, which was expected to be close 
to the work function of the cubic ternary films due to the cubic structure and lower Zn 
incorporation.    Two-point probe IV characterization of the fabricated optoelectronic 
devices was accomplished with a Keithley 2400 sourcemeter.  The devices were exposed by a 
monochrometer to light from a Xe lamp operating at 500W at 5nm intervals while current 
was measured through the device.  Spectral responsivity was calculated by dividing photo-
generated current by the optical power spectrum of the lamp.  A UV-visible rejection ratio 
(RR) was also calculated from responsivity by Rpeak/R400nm.  In order to maximize the number 
of UV photons impinging on the device surface, the bandwidth of the monochrometer was 
maximized by fully opening entrance and exit slits.  This resulted in a more intense response 
at each wavelength, and also produced an artificial broadening of the responsivity FWHM. 
Results 
 The effect on responsivity and transmission is shown in Figure 35a and Figure 35b 
for changing substrate temperature and Mg flux.  In Figure 35a it is clear that photoresponse 
(solid lines) from the sample grown at 400°C shows two overlapping peaks centered at 
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317nm and 242nm.  This reveals the formation of a Zn-rich wurtzite ZnMgO zone and a 
Mg-rich cubic ZnMgO zone respectively.  Increasing the growth temperature made these 
features less distinct at 450°C and led to DUV dominance by 475°C with a peak near 256nm 
and no independent wurtzite-rich feature.  Combining this trend with a correlated decrease 
in peak responsivity suggests increasing growth temperature increases Mg concentration and 
reduced photoresponse intensity.  The optical transmission data, shown in Figure 35a as 
dotted lines, supports this analysis.  Transmission from the sample grown at 400°C showed 
two absorption shoulders (one in the NUV and one in the DUV), indicating phase 
segregation, with the corresponding roughness of the sample dramatically reducing the 
amount of transmitted light.  Increasing the substrate temperature reduced phase segregation 
and blue-shifted the absorption shoulder. 
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Figure 35: a) The effect of increasing substrate temperature on optical transmission (dotted 
lines) and responsivity (solid lines).  b) The effect of increasing Mg source flux on optical 
transmission (dotted lines) and responsivity (solid lines). 
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 A similar trend was observed for increasing Mg flux on samples grown at LT, shown 
in Figure 35b.  Initially, a low ratio of Mg/Zn evaporation (as determined by relative cell 
flux) resulted in a similar two-shoulder absorption seen in the substrate temperature 
investigation.  At a low cation ratio, spectrophotometry (dotted lines) indicated a two part 
reduction in transmission, suggesting phase segregation later confirmed by XRD (not shown 
here).  This is particularly evident for the sample grown with the lowest Mg flux (Mg 325°C).  
At this low flux ratio, absorption by Zn-rich wurtzite crystallites collected virtually all 
incident radiation by 358nm.  While this is very near the peak responsivity of the ZnO/MgO 
film (360nm), and seems to suggest poor Mg incorporation, responsivity from this Mg 
325°C film actually peaked at 250nm.  However, despite absorption peaked in the DUV, a 
significant photocurrent was generated by a second shoulder in the NUV, yielding a 
relatively poor RR.  Further increasing the Mg cell flux reduced the distinct NUV shoulder.  
However, wurtzite diffracted peaks were visible by XRD in all films until the Mg cell 
temperature was raised to 360°C (a cell temperature ratio of 1:1 in this experimental setup).  
For this sample no NUV shoulder was visible in responsivity, XRD identified only cubic 
peaks, and transmission showed abrupt absorption at 230nm (5.4eV).  This film showed the 
highest RR and clear DUV responsivity peaked at 236nm. 
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Figure 36: Effect of increasing substrate temperature on Mg concentration, x, in the film and 
fabricated device peak responsivity. 
 As indicated above, XRD analysis revealed that at a substrate temperature of 400°C 
the ZnMgO film segregated into wurtzite and cubic rich regions producing relatively quick 
three dimensional growth and a correspondingly rough surface.  Figure 36 summarizes the 
change in peak responsivity with the change in film composition versus substrate 
temperature.  Interestingly, analysis by RBS showed also that even while Zn and oxygen 
conditions remained unchanged, Mg concentration in the film increased with increasing 
substrate temperature.  This suggests that Zn may be desorbing from the substrate surface 
before it can bond stably into the crystal.  XRD showed strong wurtzite peaks relative to the 
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cubic substrate at 400°C and 450°C, with weak wurtzite peaks at 475°C and no phase 
segregation at a growth temperature of 500°C.  For these films the Zn cell flux was held at a 
constant 360°C.   
One possible reason for the observed behavior is that the enthalpy of formation 
(ΔH) for MgO (601 kJ/mol) is significantly higher than that of ZnO (348 kJ/mol).  This 
suggests that MgO formation may be energetically favorable to ZnO formation with 
increasing growth temperature.  The growth may be further influenced by the availability of 
the MgO substrate matrix used for film nucleation.    
 Figure 36 also reveals that increasing substrate temperature (and thereby increasing 
Mg concentration) corresponds to decreasing peak responsivity from fabricated devices, as 
first suggested in Figure 35b.  It is important to note that while the film grown at 400°C 
(with strong wurtzite peaks visible in XRD) revealed a broad visible blind response 
corresponding to the phase segregated transmission band edge, the film grown at 500°C 
showed no measureable photocurrent. 
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Figure 37: Bandgap effect on device peak responsivity and rejection ratio. 
 Increasing the Mg cell flux also resulted in decreased peak responsivity, following the 
trend identified with substrate temperature and Mg concentration.  This is shown in Figure 
37, where the bandgap for each film was calculated and is compared with the trend observed 
for responsivity intensity and RR.  The effective cell temperature range was found to be very 
narrow for controlling the resulting composition of the film.  Changing the cell temperature 
by twenty degrees resulted in a precipitous drop in peak responsivity (from A/W to mA/W) 
as Mg incorporation displaced that of Zn on the film surface (Figure 36), rapidly blueshifting 
the band edge (as shown in Figure 35b).  The films produced with low Mg flux (at 3.4eV and 
5.1eV) showed photoresponse measured at 100s of amps per watt, while the film grown with 
equal Mg and Zn cell temperatures (5.4eV) showed approximately 10mA/W.    
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However, a corresponding improvement in RR was noticed with increasing band gap 
as well as a reduction in phase segregation.  XRD analysis revealed wurtzite peaks in films 
with bandgaps of 3.42eV, 5.1eV, and 5.2eV, which corresponded to broad visible blind 
photoresponse.  The film grown with a bandgap at 5.4eV, on the other hand, showed 
narrow solar-blind photoresponse centered at 240nm and a rejection ratio three orders-of-
magnitude better than films with low Mg incorporation.  
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Figure 38: Persistent photoconductivity observed by a) varying substrate temperature and b) 
varying Mg source flux. 
69 
 
 Another important realization is the effect of phase segregation on persistent 
photoconductivity and device response time, as shown in Figure 38a and Figure 38b.  This 
effect was seen while investigating substrate temperature (shown in Figure 38a) and while 
investigating Mg flux (in Figure 38b).  While phase-segregated films did demonstrate more 
intense (though also more broad) responsivity, they also demonstrated a significant decay 
time after shuttering the monochrometer.  This decay time lasted for tens of seconds and 
was unaffected by increasing substrate temperature or Mg concentration until phase 
segregation yielded to cubic single-crystal films.  This transition occurred with greater Mg 
incorporation, Mg 360°C in Figure 38b, where device rise and fall times were noticeably 
reduced once the single-crystal transition was accomplished.  Reducing persistent 
photoconductivity suggests a reduction in crystalline defects trapping photo-induced carriers 
in long lived states. 
Conclusions 
Tuning growth temperature and Mg concentration in cubic ZnMgO films plays a 
very important role in targeting DUV/solar-blind sensor properties.  Phase-segregated films 
can produce high visible-blind photoresponse, though suffered noticeably reduced RR.  
Single-crystal cubic detectors demonstrate reduced persistent photoconductivity and 
improved RR, though much weaker UV photoresponse.  Effective detectors could also be 
fabricated with these films through the use of amplifying electrical circuits. 
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Effect of Varying Oxygen Flow Rate and RF Plasma Power  
The analysis of the effect of variation in the oxygen plasma source conditions is new 
to the field of c-ZnMgO growth.  This investigation brought many exciting new discoveries 
and has since enabled a much deeper understanding of the growth dynamics for c-ZnMgO 
thin fimls. 
Film Growth and Nucleation 
 
Figure 39: Effect of RF power on ZnMgO growth rate and roughness. 
 Independently increasing the oxygen flow rate and the applied RF power resulted in 
increased growth rate and decreased surface roughness of produced ZnMgO films, shown in 
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Figure 39.  Increased Zn incorporation was also evident in both cases from optical 
transmission (not shown).  However, in the case of increasing plasma power, it was found 
that increased Zn incorporation may lead to phase segregation when grown near the 
miscibility gap.  Figure 39 shows the impact of changing RF power on ZnMgO film growth 
rate and 1µm RMS roughness.  As power is increased, the concentration of atomic oxygen 
rises and allows for greater Zn incorporation, thus increasing the growth rate (solid line).  
Increased Zn binding results in smoother film surfaces until the incorporation efficiency 
pushes the film into phase segregation.  This occurred at 400W and 500W and resulted in a 
dramatic increase in roughness (dotted line). 
Increased Zn incorporation with increasing atomic oxygen can be understood by 
considering the enthalpy of formation (ΔH) for MgO and ZnO.  ΔH is nearly twice as high 
for MgO as it is for ZnO (601 kJ/mol compared to 348 kJ/mol), indicating that at similar 
surface concentration, MgO formation is energetically favorable.  With little available atomic 
oxygen to bind with in the low flow, low RF power scenario, Mg accumulates a 
disproportionate amount of the oxygen on the surface.  However, as the atomic oxygen 
concentration increases (with increasing flow or with increasing RF power), Zn 
incorporation efficiency is correspondingly increased, allowing for better ZnMgO formation 
and smoother films. 
Device Performance  
  Cubic Zn1-xMgxO thin films were produced by Plasma-Enhanced Molecular Beam 
Epitaxy.  Oxygen flow rate and applied Radio-Frequency (RF) plasma power were varied to 
investigate the impact on film growth and optoelectronic device performance.  Solar-blind 
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and visible-blind detectors were fabricated with metal-semiconductor-metal interdigitated 
Ni/Mg/Au contacts and responsivity performance is compared under different growth 
conditions.  Increasing oxygen flow rate and RF plasma power increased Zn incorporation in 
the film, which leads to phase segregation at relatively high Zn/Mg ratio.  Peak responsivity 
as high as 61A/W was measured in phase-segregated ZnMgO visible-blind detectors. 
Experimental Methods 
An SVT Associates oxide MBE was used with thermal Knudsen cells for metal 
sources and an RF generator was employed for the creation of oxygen plasma.  
Commercially available (100) MgO substrates were backside coated with 1µm of titanium for 
thermal homogeneity of the film during growth.  Zinc (6N), magnesium (3N8), and high 
purity oxygen (6N) were injected into the reactor at a fixed low substrate temperature of 
275°C.  Five flow rates were chosen for investigation ranging from 0.5sccm to 2.5sccm at a 
fixed RF power (350W).  Six RF powers were applied to the plasma ranging from 200W to 
500W at fixed oxygen flow rate (1.5sccm).  The produced films were investigated by optical 
transmission with a Cary 500 UV-Vis Spectrophotometer to determine changes in the 
absorption edge.  A Rigaku D-max X-Ray Diffractometer (XRD) utilizing the Cu k-alpha 
line was used to determine crystalline composition and to identify phase segregation.  In-situ 
laser reflectometry determined average hourly growth rate, which was confirmed with 
standard contact profilometry. 
 Ni/Mg/Au (30Å/200Å/800Å) Metal-Semiconductor-Metal (MSM) contacts were 
deposited by thermal evaporation in a BOC Edwards 306 (FL400) metalizer.  Contact 
geometry was 500µm square with 10µm finger width and 10um spacing.  Fabricated devices 
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were illuminated with a Xe lamp (500W) and a Newport 74125 monochrometer collected 
with a sapphire lens.  Spectral responsivity was calculated by dividing the measured 
photocurrent by incident optical power as (Ilight-Idark)/Poptical at each wavelength.  As in the 
temperature investigation prior, the monochrometer slits were fully opened, maximizing the 
bandwidth.  This resulted in artificially broadened responsivity peaks, as well as increased 
intensity at each wavelength step. 
Results 
 Increasing the oxygen flow rate into the reactor produced a noticeable change in the 
growth and composition of the film, as is shown in Figure 40a.  Relatively little zinc 
incorporation was detected by optical transmission at the low flow rate of 0.5sccm.  
However, increasing the oxygen flow rate resulted in greater Zn incorporation in the film, 
redshifting the absorption edge, as shown in Figure 40a.  Increasing oxygen flow rate also 
had a noticeable impact on the fabricated device responsivity, also shown in Figure 40a.  
While no photoresponse was detected at the low end of the flow rate investigated, the peak 
responsivity gradually increased with increasing flow.  It is important to note that most of 
the devices were tested at 200V to collect the most distinct signal.  However, none of the 
devices tested which were grown at 2.5sccm survived testing at 200V, and were instead 
tested at 100V to avoid destruction of the contact.  Similar 100V scans on films produced 
with 1.5sccm and 2.0sccm showed approximately half the peak responsivity intensity as 
testing at 200V, suggesting that the peak responsivity for the 2.5sccm sample should be twice 
as intense.   
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Figure 40: a) Transmission and responsivity changes at various oxygen flow rates.  b) Effect 
of changing oxygen flow rates on film bandgap and growth rate. 
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An increase in Zn incorporation with increasing oxygen flow rate is understood by 
comparing the ZnO and MgO enthalpies of formation, ΔH.  With a ΔH of 601kJ/mol and 
348kJ/mol for MgO and ZnO respectively, MgO’s formation is much more energetically 
favorable than that of ZnO.  This results in a scenario where mobile Mg on the substrate 
surface is bonding with much of the available O, leaving the Zn adatoms without suitable 
bonding sites, i.e. when the surface is Mg-rich and O-poor Zn incorporation efficiency is 
reduced.  As the surface concentration of oxygen increases, the Mg adatoms are satiated and 
the Zn adatoms are able to bond.  The increase in oxygen flow rate also increases the growth 
rate, seen in Figure 40b.  This is expected from the higher arrival rate of oxygen species to 
the surface as well as the improved incorporation of Zn in the Zn1-xMgxO matrix.  Figure 
40b also shows the red-shifting in bandgap as increased Zn incorporation follows from 
increasing growth rate. 
76 
 
 
Figure 41: a) Transmission and responsivity changes at various RF plasma powers in series 1.  
b) Transmission and responsivity changes at various RF plasma powers in series 2. 
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 The effect of changing RF power applied to the oxygen plasma is shown in Figure 
41.  Two different growth series were used to investigate the cubic Zn1-xMgxO behavior in 
this range.  The first of these series, shown in Figure 41a, was grown with an absorption 
edge near the miscibility gap (measured at ~230nm, 5.4eV).  The second plasma power 
investigation series, Figure 41b, was grown with an absorption edge deeper in the UV 
(measured at ~220nm, 5.6eV).  In the near-gap case, increasing the RF power applied 
increased the magnitude of measured peak responsivity.  However, while the response was 
solar-blind at 300W, 350W, and 375W, phase segregation occurred at 400W and 500W.  This 
expanded the response region into the NUV and producing sensors that were visible blind.  
No response was measured for the film produced at 200W, even with 200V applied.  Visible 
blind (phase segregated) sensors showed strong photoresponse with only 1V applied, as 
compared to the 50V applied to solar-blind sensors.  Phase segregation was confirmed by 
wurtzite peaks in XRD, two absorption edges in optical transmission, and a substantial NUV 
shoulder in the responsivity.  While the phase segregated samples did show a broader visible-
blind response, the intensity of their response was over three orders of magnitude greater 
than the single-crystal DUV sensors.  A slight increase in Zn incorporation is also seen in 
Figure 41a between the 200W transmission data when compared to the absorption edge of 
the rest. 
 In the second power series, all devices were tested at 200V for greatest signal 
intensity.  Increasing power again resulted in a slight increase in Zn incorporation, evident in 
transmission data in Figure 41b.  Responsivity, also shown in Figure 41b, was not detected 
from the 350W sample, but rather peaked at 400W and is steadily reduced with increasing 
power.  This behavior is best understood in Figure 42. 
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Figure 42: Plasma power effect on bandgap and peak responsivity intensity. 
 Figure 42 shows the relationship between plasma power, film bandgap, and peak 
device responsivity.  It appears from the square data points that increasing plasma power has 
a very slight effect of increasing Zn incorporation, thereby red-shifting the bandgap.  If the 
bandgap of the film is near the point of crystalline immiscibility, then increasing plasma 
power was found to increase Zn incorporation to the point of phase segregation.  Phase 
segregation is avoided, however, if the bandgap is further from the immiscibility edge.  As 
RF power to the plasma is increased, the concentration of atomic oxygen increases.  This 
increase in available atomic oxygen enhances the inclusion of Zn in the growing film, 
resulting in a slight narrowing of the bandgap. 
 Figure 42 also shows the peak responsivity as a function of plasma power for both 
Series 1 (S1) and Series 2 (S2).  This behavior seems more erratic, but is rooted in the same 
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physics as the change in Zn inclusion.  The major constituents in the oxygen plasma are 
continually evolving as RF power increases.  These active constituents include neutrally 
charged atomic oxygen (OI), singly ionized atomic oxygen (OII), and singly ionized 
molecular oxygen (O2
+, the dioxygenyl ion).  Emission spectra collected from the oxygen 
plasma indicate that there is a maximum in the ratio of neutral to ionized atomic oxygen 
(OI/OII) around 350W, which decreases gradually in both directions.  The peak responsivity 
shown in Figure 42 (triangular points) suggests a relationship between maximizing neutral 
atomic oxygen and increasing photoresponse intensity.  Response from S2 is of lower 
intensity because the bandgap for these films is wider, similar to the device performance 
seen in Figure 40a.  S1 devices grown at 400W and 500W led to phase segregation due to Zn 
incorporation pushing the composition over the miscibility edge.  Transition into the 
miscibility gap dramatically increased the responsivity magnitude but passed responsivity 
from solar-blind to visible-blind performance. 
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Figure 43: Persistent photoconductivity observed when a) varying oxygen flow rate and b) 
varying RF power to the plasma. 
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 The devices produced also exhibited a persistent photoconductivity, as shown in 
Figure 43.  This effect was most pronounced for phase segregated films created at high RF 
power as shown in Figure 43b, likely due to the increased concentration of deep defects.  
The effect is also evident to a lesser degree in non-phase segregated sensors.  However, the 
concentration of responsible defect(s) is not changing relative to peak responsivity intensity, 
suggesting that oxygen flow rate and RF power do not affect the charging/discharging.  This 
is evident because increasing oxygen flow rate and plasma power appeared to affect 
responsivity and charging/discharging times equally.  This is seen in Figure 43a and Figure 
43b where responsivity has been normalized to show no significant change in 
charging/discharging when varying growth conditions. 
Conclusions 
Increasing oxygen flow rate and RF plasma power both lead to increased Zn 
incorporation and red-shifting of the bandgap.  This red-shifting is because both increasing 
oxygen flow rate and increasing RF power result in increased available atomic oxygen on the 
substrate surface.  These results suggest that the condition for the most intense device 
responsivity will likely be at a high oxygen flow rate with applied RF power between 375W 
and 400W and an absorption edge near to the miscibility gap.  Phase-segregated  
Zn1-xMgxO showed promise for visible-blind detectors and may be explored further by 
exploiting segregation caused by these two oxygen growth conditions. 
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CONCLUSION 
 Growth conditions play a critical role in the performance of ZnMgO UV sensors.  
The information presented in this study enables a much deeper understanding of c-ZnMgO 
thin film characteristics from PE-MBE, as well as some insight into the performance of 
phase separated ZnMgO devices.  This work allows future researchers a much deeper 
understanding of the formation processes and competing surface dynamics of the epilayer 
during its formation.  The work can also function as an starting point to device optimization 
with initial investigation of contact architecture and review of device performance.  While 
the impact of substrate temperature and increasing Mg source flux was expected from the 
existing body of literature, there have been a number of new material contributions to the 
field. 
New Material Contributions to the Field 
1) Increasing Mg concentration, x, decreases the intensity of peak spectral responsivity but 
increases the UV-Visible Rejection Ratio, RR. Increasing x occurs not only with increasing 
Mg source flux, but also with increasing growth temperature as the enthalpy of formation, 
ΔH, for MgO is twice that of ZnO.  This encourages MgO formation and the exclusion of 
Zn from the lattice; an effect which is increased with increasing growth temperature. 
 
2) Increasing Oxygen flow rate through and RF power into the plasma increases the 
availability of neutral atomic oxygen.  The increase in available oxygen enables greater Zn 
incorporation, effectively red-shifting the epilayer absorption.  Increasing these too much 
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can pull the film into phase segregation (depending on source flux ratio and substrate 
temperature). 
 
3) Optimal ZnMgO device performance occurs when the ratio of O I to O II (O/O+) is 
maximized in the chamber and growth temperature is low enough to allow maximum Zn 
incorporation without phase separation.   
Prediction of Optimal c-ZnMgO Conditions 
In the reactor used in this study, the best condition is predicted at a growth 
temperature near 300°C, apertured Zn source temperature at 360°C, unapertured Mg source 
temperature at 345°C, oxygen flow rate at 2.5 sccm, and RF power at 350W.  An oxygen 
flow rate at 1.5 sccm may produce similar results, and would reduce the oxidation rate of the 
source charge. 
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